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Spatial and temporal changes in molecular expression are essential to embryonic development, and their characterization is critical to understand mechanisms by which cells acquire different phenotypes. Although technological advances have made it possible to quantify expression of large molecules during embryogenesis, little information is available on metabolites, the ultimate indicator of physiological activity of the cell. Here, we demonstrate that single-cell capillary electrophoresis-electrospray ionization mass spectrometry is able to test whether differential expression of the genome translates to the domain of metabolites between single embryonic cells. Dissection of three different cell types with distinct tissue fates from 16-cell embryos of the South African clawed frog (Xenopus laevis) and microextraction of their metabolomes enabled the identification of 40 metabolites that anchored interconnected central metabolic networks. Relative quantitation revealed that several metabolites were differentially active between the cell types in the wild-type, unperturbed embryos. Altering postfertilization cytoplasmic movements that perturb dorsal development confirmed that these three cells have characteristic small-molecular activity already at cleavage stages as a result of cell type and not differences in pigmentation, yolk content, cell size, or position in the embryo. Changing the metabolite concentration caused changes in cell movements at gastrulation that also altered the tissue fates of these cells, demonstrating that the metabolome affects cell phenotypes in the embryo. single cell | mass spectrometry | metabolomics | embryo development | Xenopus T he ability to understand the basic mechanisms that regulate embryonic development requires knowledge of the complete suite of biomolecules expressed by each cell in the organism. Although technological advances in single-cell isolation, genome sequencing, and transcriptome analyses have made it possible to determine spatial and temporal changes for large molecules (1, 2) , little is known about small-molecular events that unfold in the individual cells (blastomeres) of the embryo. In many animals, mRNAs and proteins synthesized during oogenesis are sequestered to different cytoplasmic domains, which after fertilization then specify the germ-cell lineage and determine the anteriorposterior and dorsal-ventral axes of the embryo. For example, in the South African clawed frog (Xenopus laevis), several mRNAs are localized to the animal pole region (Fig. 1) , which later gives rise to the embryonic ectoderm and the nervous system (3), whereas VegT mRNA localization to the vegetal pole specifies endoderm formation (4) , and region-specific relocalization of the Wnt and Dsh maternal proteins govern the dorsal-ventral patterning of the embryo (5) . However, there is abundant evidence that in developing systems not all transcripts are translated into proteins, and not all proteins are active; therefore, analyses of the mRNAs and proteins within single cells may not reveal the activity state of the cell. In fact, different animal blastomeres of the 16-cell Xenopus embryo that are transcriptionally silent can have very different potentials to give rise to neural tissues (6, 7) , even though they seem to express common mRNAs (3) . For a deeper understanding of the developmental processes that govern cell-type specification, it would be transformative to assay the activity state of embryonic cells downstream of transcription and translation, at the level of the metabolome, the complete suite of small molecules produced by the cell.
How transcriptional information translates into small-molecular activity, particularly metabolites, while the different blastomeres commit to specific fates is completely unknown because of a lack of technology capable of measuring such small molecules [molecular weight (MW) <1,500 Da] in single blastomeres. Recent high-resolution transcriptional profiling found multiple waves of activity during early embryogenesis (8) , and whole-embryo analyses revealed that transcriptomic events are accompanied by gross proteomic and metabolic changes during the development of Xenopus (9-13) and zebrafish (Danio rerio) (14, 15) , raising the question whether these chemical changes are heterogeneous also between individual cells of the embryo at the different developmental stages. However, the challenge has been to collect high-quality signal from the miniscule amounts of small molecules contained within single blastomeres for analysis by MS, the analytical technique of choice for these small molecules. Because different blastomeres in Xenopus give rise to different tissues (16) , elucidating the metabolome in individual cells of the embryo holds a great potential to elevate our understanding of the cellular physiology that regulates embryogenesis. The metabolome is particularly informative of a cell's state because it is highly dynamic, diverse, and sensitive to intrinsic and extrinsic factors. However, to enable the measurement of the metabolome in Significance Spatiotemporal characterization of molecular expression during embryonic development is critical for understanding how cells become different and give rise to distinct tissues and organs. Technological advances enabled the measurement of RNAs and proteins in single cells of embryos, but there is very little information on small molecules, metabolites, that are the ultimate indication of the physiological state. To fill this knowledge gap, we developed and used a single-cell technology to find that embryonic cells that give rise to different tissues have characteristically different metabolic signatures that are not simply a reflection of cell pigmentation, yolk content, size, or position in the embryo, but also affect cell fate. This approach is likely to provide new mechanistic insights into early embryo development.
individual blastomeres, new MS technologies and protocols are needed with the capability to address single cells.
Technological innovations have only recently made it possible to use small-molecular MS for the measurement of single cells, opening new research possibilities in biology. Unlike conventional MS that seeks high coverage of the metabolome by averaging together a large number, often millions, of cells, single-cell MS technologies are purposed to characterize biomolecular events in a cell-specific manner (17) (18) (19) (20) (21) . For example, targeted experiments by microarrays for MS recently probed the metabolic mechanism of perturbation in yeast cells that were masked by traditional population-averaging approaches (22) , and atmospheric-pressure laser desorption/ablation (13, 23 ) and direct microsampling electrospray ionization (ESI) (24, 25) have also found differences between single cells. Encouraged by the earlier success of capillary electrophoresis (CE) MS in the proteomic analysis of single erythrocytes (26-28), we have recently extended single-cell microdissection and CE-microflow ESI (μESI) MS to small molecules to broaden the coverage of the metabolome via chemical separation (29). By removing detection interferences, single-cell CE-μESI-MS was able to detect various small molecules including neurotransmitters in single neurons of the Aplysia californica. The success of these experiments indicates that single-cell MS serves as a powerful analytical tool for studying the biochemical machinery in the basic functioning building block: the cell.
Here, we demonstrate using single-cell CE-μESI-MS that differential expression of the genome translates to the domain of small metabolites in embryonic cells at the earliest stages of development. Our study uses Xenopus, a favored model for molecular, cell, and developmental biological inquiries, to measure the production of small molecules in central metabolic networks that are essential precursors to the formation of other metabolites as well as peptides and proteins. We selected three different types of blastomeres from the 16-cell embryo ( Fig. 1 ) because they are still relatively large (∼250 μm in spherical diameter with ∼90-nL cell volume) at this developmental stage, are readily identifiable by position and pigmentation, which enables consistent isolation of the same cell from different embryos, and they have distinct developmental fates: The midline dorsal-animal cell (named D11) gives rise primarily to the retina and brain, the midline ventral-animal cell (named V11) gives rise primarily to the head and the trunk epidermis, and the midline ventralvegetal cell (named V21) gives rise primarily to the hindgut (16) ( Fig. 1 ). Using single-cell CE-μESI-MS and functional experiments including cell lineate tracking, we find that different blastomeres foster cell type-specific metabolites that are able to define cell fate. The data provided herein can be used to give a functional interpretation to existing information on the transcriptome and proteome. Besides providing previously inaccessible information about the activity state of these cells, the results presented here demonstrate that single-cell MS, for example, using CE-μESI-MS, makes it now possible to ask new types of questions for obtaining a broader understanding of cellular processes during development.
Results
Central Metabolic Networks in Single Blastomeres. Our overall approach to determine small-molecular activity in three different blastomere types is presented in Fig. 1 . We isolated the D11, V11, and V21 blastomeres randomly from the left or right sides of embryos produced from two mothers and two fathers from an outbred Xenopus colony, even though this experimental design was likely to increase the biological variability in the single-cell MS data. For each cell type, n = 5 blastomeres (biological replicates) were manually dissected from different embryos (totaling 15 single blastomeres from 15 different embryos) to ensure statistical confidence and also to avoid interblastomere biases based on a common embryo origin. Each blastomere was assigned a unique identifier to help interpret measurement results based on cell type and identity, although these identifiers were not directly used during multivariate data analysis. This experimental design allowed us to ask whether different blastomere types foster characteristic metabolomes.
Small-molecular activity of the blastomeres was characterized by measuring metabolites that formed known central metabolic pathways. Following isolation, small metabolites (MW <500 Da) were extracted from each blastomere in 10 μL of 50% (vol/vol) methanol containing 0.5% (vol/vol) acetic acid. A ∼10-nL volume of the extracts (samples), equivalent to <0.1% of the total volume of the extract or ∼10% of the single blastomere volume, were measured in technical duplicate-quadruplet for four of the n = 5 biological replicates using a single-cell CE-μESI-MS that was built based on our prototype (29). A detailed account of the technology and validation of its analytical performance is provided in SI Appendix. The lower limit of detection of the system was below 10 nM, or 60 amol, for various metabolites, and the measurement reproducibility was ∼5% relative SD (RSD) for separation time with <25% RSD (SI Appendix, Fig. S1 ) for quantitation (SI Appendix). Because several metabolites accumulate at micromolar-millimolar concentration in whole Xenopus embryos (12) , these analytical metrics were sufficient to quantify the production of endogenous small molecules at their native concentrations between single Xenopus blastomeres.
A large number of small molecules were detected in the single blastomeres despite the limited amount of material contained by them. More than 80 different molecular features corresponding to different small molecules were detected in all of the blastomeres (SI Appendix, Table S1 ). SI Appendix, Fig. S2 exemplifies the separation of more than 15 different small molecules in one measurement. These molecular features were assigned to a total of 40 distinct endogenous small molecules (SI Appendix, Table  S2 ) with exceptional confidence via a multipronged approach, as detailed in SI Appendix and presented in SI Appendix, Fig. S3 , encompassing nearly all essential and nonessential amino acids, osmolites, and classical neurotransmitters. This level of coverage of the metabolome from a single blastomere in the 16-cell embryo compares favorably with ∼50 metabolites that were recently identified in a whole Xenopus egg and embryo using liquid chromatography MS (12) .
The identified metabolites underpinned central metabolic networks. A comparison of the data (SI Appendix, Table S2 ) with the Kyoto Encyclopedia of Genes and Genomes (30) found ∼90% of the identified small molecules to be interconnected members of major metabolic pathways in mammalian systems. One such network is reconstructed for Xenopus in SI Appendix, Fig. S2 based on the measured data. Several of the small molecules were shared among the pathways, creating nodes in the network. In agreement, recent experiments on whole Xenopus embryos eloquently demonstrated alanine to be the energy source that rapidly converts to aspartate and glutamate, which then fluxes to the synthesis of multiple amino acids including valine, proline, and glutamine (12) . Thus, our measurements captured an information-rich snapshot of small-molecule activity in the blastomeres, providing data to complement already available transcriptomic and some proteomic information in single blastomeres and metabolic and proteomic expression in the whole embryo of Xenopus (11, 12) .
Blastomere Type-Specific Small-Molecular Activity. We performed multivariate analysis to compare small-molecular production between the individual blastomeres. Fig. 2 shows the unsupervised hierarchical cluster analysis (HCA) and heat map of D11, V11, and V21 blastomere extracts, computed based on the relative abundance of 40 of the statistically most significant metabolites. In the resulting dendrogram, the samples formed three main groups, this grouping corresponding to differences in cell type (top axis) and small-molecular composition (left axis), essentially highlighting separate islands in the heat map. Finer features are also apparent within each group of the dendrogram, in cell type and molecular composition. For example, the D11 1 , V11 1 , and V21 2 , and V21 5 clustered separately from the other blastomeres in the same type with further subclustering evident at lower levels. Elimination of the V11 1 or D11 1 or both blastomeres left the clustering of the blastomere extracts unaffected based on cell type (SI Appendix, Fig. S4 ), demonstrating that all of the measured cells had cell type-characteristic metabolic activity. It is possible that these finer chemical differences are linked to embryo origin from different parents and/or differences between blastomeres collected from the left or right side of the embryo.
Supporting this notion, different female frogs have been found to lay eggs with detectable differences in their total metabolome (12) , and previous studies have noted left-right asymmetry in serotonin composition and ion flow in the 16-cell embryo (31, 32). Despite these small differences, the data presented herein establish, for the first time to our knowledge, that the small-molecular cell composition of individual cells is heterogeneous in the early-stage embryo; the D11, V11, and V21 blastomeres foster distinct metabolomes, and these differences are reproducible for multiple embryos of different parental origins (n = 5).
The observed differences in small-molecular activity were further evaluated in the context of the dorsal-ventral-animal-vegetal domains of the embryo. Fig. 3 shows the correlation between statistical significance (P value) and biological significance (fold change) for all detected molecular features (identified or unidentified) on the basis of selected ion electropherographic peak areas measuring relative concentrations. Small-molecular activity was compared between the animal dorsal-to-animal ventral region by D11-to-V11 ratios (D11/V11), the animal dorsal-to-vegetal ventral region by D11-to-V21 (D11/V21) ratios, and the animal ventral-to-vegetal ventral region by V11-to-V21 (V11/V21) ratios. A number of metabolites were produced in indistinguishable abundance between these regions (P > 0.05 or fold change <2.0). For example, aspartate ( Fig. 3, Left) , glutamate, and glutamine were present in comparable amounts in the extracts, indicating that part of the Ala-Asp-Glu and connected pathways (SI Appendix, Fig. S2 ) were independent of the type of cell, its physical location, or its activity.
In contrast, there were complex patterns of differential activity for a number of other small molecules between the cells. As shown in Fig. 4 , a total of 27 different compounds between D11/V11, 15 between D11/V21, and 20 between V11/V21 had different concentrations in the animal-dorsal, animal-ventral, or vegetal-ventral quadrants. For example, the D11 blastomeres were markedly approximately three to seven times richer in serine, threonine, cis-urocanate, and trans-urocanate than V11 and V21 and contained approximately eight times more glycine than V11. These data suggest that the Ser-Gly-Thr pathway (SI Appendix, Fig. S2 ) is the most active in the D11 blastomeres, Metabolite abundances are normalized relative to the mean and shown in false color for the 40 statistically most significant features (P < 0.05). Each blastomere has a unique identifier (bottom axis) with solid lines connecting the technical replicates for four of the n = 5 biological replicates that were measured for each cell type. The data reveal that D11, V11, and V21 cells have distinct small-molecular activities during early embryogenesis. Abbreviations of small molecules are given in SI Appendix, Table S2 . in the animal-dorsal quadrant. Interestingly, the V11 and V21 cells accumulated more hypoxanthine than D11, suggesting upregulation of pathways producing this metabolite on the ventral side of the embryo. V11 cells also accumulated approximately two to five times higher amounts of choline, acetylcholine ( Fig. 3 , Right), acetylcarnitine, N6,N6,N6-trimethyllysine, and glycine betaine than V21 and D11, showing up-regulation of pathways producing these metabolites in the animal-ventral quadrant. Furthermore, V21 blastomeres contained approximately three times more S-adenosylmethionine and ∼4-16 times more Ser-Arg ( Fig. 3 , Right) than the other two cell types, revealing upregulation of pathways producing these small molecules in the vegetal-ventral quadrant. In contrast, tyrosine ( Fig. 3, Right) , triethanolamine, and ornithine exhibited biregional enrichment, giving higher signal intensity in the D11 and V21 blastomeres. These data capture surprising chemical cell heterogeneity in 16-cell embryos, which may be driven by a single or multiple factors such as cell type ( Fig. 1 ), location in an electrochemical field (32), or physical properties, such as cell size (V21 is larger than D11 or V11), amount and size of yolk platelets (V21 contains more and larger yolk platelets compared with D11 and V11), and pigmentation (V11 is darkly pigmented, D11 is moderately pigmented, and V21 does not contain pigment granules).
To test whether the different metabolomes of the D11, V11, and V21 blastomeres result from their different sizes, locations, or pigmentation, or from their different contents of the original egg cytoplasm, we performed a similar analysis on embryos that were ventralized by exposure to UV light. It is well established in Xenopus that the entry of the sperm into the oocyte at fertilization causes the rotation of the cortical cytoplasm in a ventralanimal to dorsal-vegetal direction (33). Exposing the vegetal pole of eggs to UV light within 40 min of fertilization inhibits the cortical cytoplasmic rotation that is required for dorsal axis formation, resulting in embryos that are missing dorsal-anterior structures, particularly those derived from the D11 blastomere (33). We exposed several hundred embryos derived from the same parents to UV irradiation according to standard protocols (SI Appendix). When they reached the 16-cell stage, D11, V11, and V21 blastomeres were dissected from different embryos and processed as detailed earlier. Their siblings, both UV-treated and untreated controls from the same fertilization, were raised to larval stages to monitor the degree of ventralization. Most of the UV-treated embryos (>90%; SI Appendix) were missing head structures and were composed of a characteristically large belly piece and minimal dorsal trunk tissues; none of the sibling controls showed this phenotype. However, at the 16-cell-stage, UV-irradiated embryos and their dissected blastomeres were indistinguishable from those of their untreated siblings. For both sets of embryos, V21 blastomeres were not pigmented, V11 blastomeres were more pigmented than D11, and V21 blastomeres were larger than D11 or V11. Hence, any small-molecular differences measured between blastomeres in the UV-treated embryos compared with the control would not result from differences in size, position, or pigmentation.
After UV-treated embryos reached the 16-cell stage, a total of n = 5-7 blastomeres (biological replicates) were isolated for each of the D11, V11, and V21 cell types from different embryos (without distinguishing the left-right origin of the cells), and their small-molecule composition was determined using the CE-μESI-MS instrument. Unlike in the untreated blastomeres, HCA calculated on the relative abundance of the ∼40 identified metabolites found random clustering between the samples based on cell type or molecular features, essentially painting a heat map with no discernable features (SI Appendix, Fig. S5 ). Fig. 4 compares the relative abundance of a subset of these identified small molecules between the untreated-and UV light-treated blastomeres that were differentially active between the D11/V11, D11/V21, or V11/V21 cell types (SI Appendix, Table S2 ). The data reveal that differential regulation of these small molecules that naturally dominated the D11/V11 and D11/V21 blastomere pairs in the untreated embryos were lost in the ventralized embryos beyond the limit of detection of CE-μESI-MS. Most notable are the Ser-Gly-Thr and the urocanate-hypoxanthine pathways that were expressed to a similar extent in all blastomeres following UV treatment. Interestingly, ventralization further increased the abundance of S-adenosylmethionine, hypoxanthine, and serine-arginine between the V11/V21 cell types. This suggests that small-molecular polarity was enhanced in the animal-vegetal axis on the ventral side of the embryo, which correlates with the lack of formation of dorsal tissues. As the 16-cell embryos were visually indistinguishable based on physical appearance, this experimental manipulation confirms that differential small-molecular activity between the D11, V11, and V21 cells is due to cell type rather than their size, location, or extent of pigmentation.
Developmental Significance of Metabolite Differences. To determine whether the small-molecular differences quantified between the different blastomere types have a developmental significance, we tested the effect of a subset of metabolites on their tissue fate via microinjection of metabolite standards and tracing their cell lineage for more than 100 different (untreated) Xenopus embryos. Three additional blastomeres were selected for the V11 and D11 blastomere types, cells V11 6-8 and D11 [6] [7] [8] , to quantify the native concentration of cell type-specific metabolites, specifically threonine and histidine in the D11 and acetylcholine, methionine, and alanine in the V11 blastomeres; external calibration is discussed in SI Appendix with calibration curves shown in SI Appendix, Fig. S1 . Results from these quantitative experiments, shown in SI Appendix, Table S4 , are in good agreement with independent measurements on whole Xenopus embryos; for example, alanine was measured at ∼360 nM in an average, 90-nL-volume V11 blastomere, and this compound has been reported at 100 μM to 2 mM in the whole embryo (12) . Threonine, which accumulated in the D11 blastomeres endogenously at a concentration of 10 pmol per cell (±∼50% SD) (SI Appendix, Table S4 ), was injected with equal amount of serine as a mixture of standard L-amino acids (m D11 ) into V11 blastomeres at equivalent (1×, n = 19) and twofold (2×, n = 19) final concentration compared with the D11 cells, giving rise to a clone of m D11 V11 cells as the embryo develops. Likewise, Fig. 4 . Functional evaluation of small-molecular differences between D11, V11, and V21 blastomeres. Differential metabolic activity between the D11/V11 and D11/V21 blastomere types that is characteristic of the untreated (UT, black) embryo was lost for most metabolites in UV light-ventralized (UV, red) embryos. These results establish that the small-molecular cell heterogeneity in the 16-cell embryo is driven by blastomere type rather than the location, size, or pigmentation of the cells. Small molecules are listed in SI Appendix, Table S2 . Statistical and biological significances are tabulated in SI Appendix, Table S3 . methionine and acetylcholine, which V11 blastomeres naturally accumulated at 6.5 pmol/cell (±60% SD) and 600 fmol/cell (±∼30% SD) concentration (SI Appendix), respectively, were injected as a mixture of standard L-amino acids (m V11 ) into D11 blastomeres in 1× (n = 19) and 2× abundance (n = 19), giving rise to the m V11 D11 clone. Additionally, the microinjected blastomeres and the corresponding controls for D11 (n = 26) and V11 (n = 23) blastomeres were also injected with lineage tracers to detect the location of the clone at later stages of development (SI Appendix). Bright-field and fluorescence microscopy revealed that for embryos fixed at larval stages when all of the main organs have formed, cells derived from m V11 D11 blastomeres contributed significantly less to brain and central somite and significantly more to ventral trunk epidermis compared with control embryos injected only with lineage tracer (Fig. 5 ). This change in cell fate likely is due to the much broader distribution of the clone across the dorsal midline at gastrulation stages (SI Appendix, Fig. S6 ). Cells derived from m D11 V11 contributed significantly more to anterior head structures including cement gland, olfactory placode, lens, retina, and otocyst ( Fig. 5 ). This change in cell fate likely is due to the expansion of the clone across the animal hemisphere at gastrulation stages (SI Appendix, Fig. S6 ). These results demonstrate that the differential distribution of even a few of the blastomerespecific metabolites that were uncovered (Figs. 2 and 3) can alter how the descendant cells are distributed in the embryo, ultimately affecting their tissue fates.
The data provided herein demonstrate surprising heterogeneity of small-molecular activity between blastomeres at an early stage of embryonic development when there are no other known indications of cellular diversity or differentiation. Although they are consistent with previously demonstrated protein synthesis differences, which also correlate with cell fates (34), we do not yet know their physiological significance. It is possible that some of these differences may prefigure the contributions of these cells to different tissues [i.e., their cell fate (35, 36)]. For example, D11 blastomeres are major precursors of the nervous system (16, 37) . In our measurements, they were found to contain higher levels of serine, consistent with serine acting as a vital neurotrophic factor in the developing nervous system (38). Furthermore, the accumulation of serine in D11 blastomeres was lost after UV light treatment, consistent with these embryos not developing head structures, including brain, whereas microinjection of serine into V11 blastomeres led to a change in cell fate to form several head structures. Other differences may reflect different rates of cell division in the untreated blastomeres. For example, accumulation of threonine has been linked to high-flux metabolism, such as in differentiating embryonic stem cells (39), purposed to feed the machinery of protein synthesis, one-carbon metabolism via glycine (SI Appendix, Fig. S2 ), and the tricarboxylic acid cycle. This is consistent with our observation that D11 blastomeres, which divide slightly faster than V21 cells, contained significantly more threonine and glycine ( Figs. 2 and 3 ). Also in agreement, D11 cells were found to contain more alanine, and this metabolite has recently been proposed to be the energy source of the developing Xenopus embryo (12) . Another interesting difference between D11 and the other blastomeres is the production of higher amounts of cisand trans-urocanate. The formation and proliferation of mammalian and amphibian adult stem cells is affected by the histidine ammonia lyase gene that encodes histidinase, the enzyme that catalyzes deamination of histidine to urocanate (SI Appendix, Fig. S2 ) (40). In D11 cells, the total urocanate (cis and trans)/histidine ratio was approximately three times higher than both the V11 and V21 cells (P < 0.005), perhaps indicating an advanced state of differentiation even at these early cleavage stages. Alternatively, the role of urocanate in D11 may lie in photoprotection, because this molecule efficiently converts from cis to trans form by UV irradiation and is known to accumulate to a high concentration (0.3-20 mM) in the uppermost layers of the mammalian epidermis (41). Supporting this notion, D11 and V11 blastomeres are located in the animal (upper) portion of the embryo, which naturally is exposed to sunlight, and contained up to 7.0 times more total urocanate on average (P < 0.005) than the V21 blastomeres, which are unpigmented and naturally face away from sunlight. Although the full extent of the physiological roles of these metabolite differences remains to be revealed, our data demonstrate that changing the concentrations of even a few metabolites can ultimately affect blastomere cell fate.
In agreement, many of the differences observed between blastomeres dissected from untreated, control embryos were lost in the UV-treated embryos in our measurements. For example, the accumulations of serine, threonine, glycine, histidine, and total urocanate in D11 blastomeres in the control embryos were not observed in the ventralized embryos, which shared the same relative cell sizes, positions, and pigmentation as the untreated blastomeres. These differences suggest that cortical cytoplasmic rotation is required for the D11 blastomere to acquire its distinct metabolic characteristics. However, because UV irradiation affects the cis-trans conversion of urocanate, it will be important to use other techniques for altering cell fates to further evaluate the mechanism by which the metabolic activity of these early cells are regulated. Investigations targeting these small molecules during embryonic development, particularly during the early stages that are transcriptionally silent, will help establish the physiological importance of our measurements and elucidate their relationships to the known transcriptome and proteome.
Conclusions
In this work we have addressed a bottleneck in cell and developmental biology, the measurement of small-molecular activity in single embryonic cells using MS. We have demonstrated that single-cell CE-μESI-MS makes it possible to capture a snapshot of small-molecular activity in individual cells at the early The results reported herein are the first example to our knowledge of unbiased, large metabolite data on more than 80 distinct small molecules, including 40 identified metabolites, between different cells. We find that D11, V11, and V21 blastomeres exhibit characteristic smallmolecular activity that reproducibly contributes to their commitment to neuronal, epidermal, and hindgut tissues in the adult organism, as validated by microinjection and cell-fate tracing experiments. The metabolomic differences uncovered in this work complement recent transcriptomic asymmetry (9) in the animalvegetal axis of the early embryo and provide previously unidentified findings for asymmetry in the dorso-ventral axis, underscoring the importance of performing metabolic measurements on the level of the single cell. These small-molecular differences between single embryonic cells and different regions of the embryo's body have not been technologically discernable by classical, cell-averaging measurements thus far. We believe that single-cell MS, including CE-μESI as presented here, heralds new investigative possibilities for cell and developmental biology. To this end, micromanipulation raises great benefits to tailor single-cell MS to a broader range of applications. Direct sampling of single cells by microcapillaries, as recently demonstrated for neurons (42) and mammalian cells (25), offers an attractive means to enhance the throughput and the precision of measurements on single cells in an embryo using the technique presented here. By providing complementary information to already available genomic, transcriptomic, and proteomic data, we anticipate that small-molecular measurements by single-cell CE-μESI-MS will facilitate basic and translational research in cell and developmental biology to help develop a holistic understanding of how cells acquire their differentiated state.
Methods SI Appendix provides a detailed account of standard protocols that were developed to maintain the Xenopus animal colony (approved by The George Washington University Animal Care and Use Committee, IACUC A311), perform ventralization by UV light irradiation, microinject individual blastomeres, perform cell fate analyses, and dissect single identified blastomeres. Single blastomere extracts were measured by a single-cell capillary electrophoresis μ-ESI-MS platform constructed as described earlier (29). Statistical and multivariate data analysis was performed as detailed in SI Appendix. Student's t test (P < 0.05) was used to indicate statistical significance. A fold change of two or more marked biological significance. 
DETECTION LIMIT AND QUANTITATION
The analytical performance of our custom-built CE-µESI-MS platform was thoroughly characterized for identification and quantitation. The lower limit of detection and linear dynamic concentration range of quantitation were determined for chemical standards, and the quantitative reproducibility (relative % error) of both separation time and electropherographic peak area were determined for a given blastomere that was measured in multiple technical replicates.
The lower limit of detection was calculated as the concentration of analyte that yielded a signalto-noise ratio (S/N) of 3, where S/N was defined as the peak height-to-noise root mean square ratio, as also shown in Figure S1A . The lower limit of detection was <10 nM (60 amol) for acetylcholine, and comparable figures were obtained for several other small molecules, including methionine and histidine. Slightly higher lower limit of detection applied to threonine (Fig.  S1A) . These limits of detection were sufficient to measure endogenous metabolite concentrations, which have independently been found to range from 100 µM to 2 mM in the whole embryo (1) . The instrument provided quantitative response between the ~10 nM-to-1 µM tested range for these small molecules (see Fig. S1A ). The digitizer of the mass spectrometer that was used in this study, an Impact HD (Bruker), is expected to extend this quantitative range to 4-5-orders of magnitude.
Endogenous metabolite amounts were quantified in V11 6-8 and D11 6-8 blastomeres with a 90-nL average volume in the 16-cell embryo using external calibration curves for standard metabolites. Despite the inherent chemical complexity of metabolites, the mean reproducibility was 5.7% in migration time and 22.3% in peak area for 10 technical replicates for a given blastomere (the V11 1 ) that was repeatedly measured over 4 consecutive days, as shown in Figure S1B . Hence, quantitation was sufficiently reproducible to decipher differential activities for various endogenous metabolites. A fold change ≥ 2.0 indicated biological significance, and statistical significance was marked at p < 0.05 using a two-tailed Student's t-test. These results demonstrate that the CE-ESI-MS platform accomplished robust and reproducible operation throughout the course of this study, allowing us to query small-molecule differences between blastomeres. 
SMALL-MOLECULAR IDENTIFICATIONS
A survey of the mass spectrometric data revealed that ~80 different ion species (molecular features) were detected between all the extracts of the single D11, V11, and V21 blastomeres that were dissected from 16-cell Xenopus embryos. Seventy of these features that were used for quantitative analysis are listed in Table S1 . A subset of these molecular features were identified as small molecules via a multipronged approach that integrated accurate mass measurements, isotope distribution analysis, collision-induced dissociation tandem MS (MS-MS), and comparison of migration times and MS-MS data against chemical standards as well as information available in metabolite tandem MS databases. The combination of multiple orthogonal information to identify a compound upholds high standards that were recently also recommended by international metabolomics societies and initiatives (2) (3) (4) .
As an example, accurate masses of the molecular features were first searched against metabolite tandem mass spectrometric databases, specifically Metlin (5) and Human Metabolome Database 3.0 (6, 7), with a mass tolerance of 10 ppm, yielding a list of mass (m/z value) matches. Next, these mass matches were evaluated by comparing the tandem mass spectrum recorded for the molecular feature with that documented for the putative compound in the databases. 
METHODS and PROTOCOLS
Chemicals. Acetic acid, formic acid, methanol, and water were from Fisher Scientific (Fair Lawn, NJ). Acetylcholine was from Acros Organics (Fair Lawn, NJ). Eagle's minimum essential medium (Sigma Aldrich; St. Louis, MO) was used as a source of mixture for the following Lamino acid standards: alanine, arginine, asparagine, aspartic acid, glutamic acid, glutamine, glycine, histidine, isoleucine, leucine, lysine, phenylalanine, proline, serine, tyrosine, and valine. All solvents were LC-MS grade, and all chemical standards were reagent grade or higher.
Solutions. Steinberg's solution (100%) was prepared by dissolving the following salts to the indicated concentration using Milli-Q purified water (Millipore): sodium chloride (58.2 mM), potassium chloride (0.67 mM), calcium nitrate (0.34 mM), magnesium sulfate (0.83 mM), trisma hydrochloride (4.19 mM), and trisma base (0.66 mM). The pH of the solution was adjusted to 7.4 using 5 M sodium hydroxide. This solution was diluted two-fold to obtain 50% Steinberg's solution.
Animals (control) and Cell Isolation.
Male and female Xenopus laevis adult frogs were obtained from Nasco (Fort Atkinson, WI), and maintained in a breeding colony. All protocols related to the maintenance and handling of Xenopus were approved by the GW Institutional Animal Care and Use Committee (IACUC no. A311). Fertilized embryos were obtained through gonadotropin-induced natural mating of adult frogs as described elsewhere (9) , and their jelly coats were removed following a standard protocol (10) . Embryos at the 8-cell stage were transferred into a Petri dish containing 100% Steinberg's solution at room temperature and embryo development was monitored under a stereomicroscope. Upon reaching the 16-cell stage, usually within ~2.75 h post fertilization, the embryos were transferred to 50% Steinberg's solution in an agarose-coated petri dish.
The midline dorsal-animal cell (D11), the midline ventral-animal cell (V11), and the midline ventral-vegetal cell (V21) were identified based on physical appearance (pigmentation) and location in the embryo in reference to established fate maps (11, 12) and dissected from 16-cell frog (Xenopus laevis) embryos using a pair of sharpened forceps following a protocol we have described elsewhere (13) . For comparison to 32-cell fate maps (14, 15) , D11 is the mother blastomere of A1+B1, V11 is the mother blastomere of A4+B4, and V21 is the mother blastomere of C4+D4. A total of n = 5 visually intact blastomeres (biological replicates) were isolated for each cell type, each from different embryos; these were derived from 2 different sets of parents.
Preparation of Ventralized Xenopus. For UV light-treated samples, eggs derived from a single female frog were fertilized in vitro with sperm from a single male, and the jelly coat removed 10 min after fertilization using standard methods (10) . The fertilized clutch was divided into two groups: control siblings and UV-treated. The vegetal poles of the embryos in the latter group were irradiated with UV light at 40 min post-fertilization by standard methods (10) , and left unperturbed until reaching the 4-cell stage. Upon reaching the 16-cell stage, blastomeres were dissected and extracted as described below. The remaining UV-treated and control siblings were raised to larval stages and scored for dorsal axial defects according to the Dorsoanterior Index as established elsewhere (16).
We exposed several hundred embryos derived from the same parents to UV-irradiation according to standard protocols (10) and characterized the efficiency of the treatment. In the control, untreated sibling group, 6.8% of the embryos died by the end of gastrulation (stage 13), and at larval stage 34, 100% (n = 273) were scored as DAI 5, indicating normal development. In UVirradiated embryos, 4.5% died by the end of gastrulation (stage 13), and at larval stage 34, 10.7% were DAI 5, 10.4% were DAI 3, and 78.9% were DAI 1 and 2, indicating that ~90% had significant dorsoanterior truncations.
Tracking Cell Fates. Metabolite mixtures, one containing 5 mM acetylcholine and 50 mM Lmethionine (labelled "m V11 ") and the other containing 50 mM L-threonine and 50 mM serine (labelled "m D11 "), were mixed with either gfp mRNA (100 pg/nL) or nuclear-localized βgalactosidase (nβgal) mRNA (100 pg/nL); the translation of the mRNAs into lineage tracers acts to mark all of the descendants of the blastomere injected with the metabolite mixture throughout development. When embryos reached the 16-cell stage, blastomere V11 on one side of the embryo was injected with 1 nL or 2 nL of the mD11 mixture containing the lineage tracer mRNA. In different embryos, blastomere D11 on one side of the embryo was injected with 1 nL or 2 nL of the mV11 mixture containing the lineage tracer mRNA. Sibling embryos were injected with 1 nL of lineage tracer mRNA only as controls. Embryos injected with nβgal mRNA as the lineage tracer were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) for 1 h, processed for β-gal histochemistry (as previously described in (10)) using magenta-gal (Biosynth International, Inc.) as the chromagen, bleached in a hydrogen peroxide-formamide solution to remove melanin pigment (10) and stored in fixative. Embryos injected with gfp mRNA as the lineage tracer were fixed in 4% paraformaldehyde in PBS for 1 h and stored in PBS. For lineage analyses at gastrulation stages (Fig. S6) , control V11 embryos and m D11injected V11 (m D11 V11) embryos were oriented with the animal pole facing up and imaged at 50×. Using image analysis software (Olympus cellSens software), the midpoint of the animal hemisphere (the animal pole) was calculated and the distance from that point of the furthest cell in the clone was measured. A positive number indicated a position on the dorsal side of the animal hemisphere and a negative number indicated a position on the ventral side. Control D11 embryos and m V11 -injected D11 (m V11 D11) embryos were oriented with the dorsal side facing up, imaged at 50×, and the width of the clone at its widest point measured. For lineage analyses at larval stages ( Fig. 5) , embryos were examined using epifluorescence optics. The relative contribution to various organs in whole embryo preparations were scored as in the original published fate maps (12) and assigned numbers: "0" indicates no labeled cells in the tissue; "1" indicates fewer than 10 labeled cells; "5" indicates many labeled cells; and "10" indicates that the tissue is comprised almost entirely of labeled cells.
Preparation of Single-blastomere Extracts (Samples).
Immediately after isolation, each blastomere was transferred by a sterile glass pipette into a separate microvial (Fisher Scientific; Pittsburgh, PA) containing 100 µL of chilled methanol (~4°C) to denature enzymes and to minimize degradation of small molecules. Afterward, the extracts containing the single blastomeres were dried at 4°C in a vacuum concentrator (Labconco; Kansas City, MO). Last, the content of each vial was reconstituted in 10 µL of 50% (v/v) methanol prepared with 0.5% (v/v) acetic acid, sonicated in ice-cold water for 3 min, and mixed for 1 min using a vortex mixer, allowing us to extract mostly hydrophilic small metabolites from the cells. By altering the composition of this extraction solution, other types of molecules including hydrophobic compounds can be extracted in follow-up studies. Extracts were centrifuged at 8,000×g at 4°C (Sorvall Legend X1R; Thermo Scientific) for 3 min. Blastomere extracts were stored in the extract solutions at -80°C until measurement by CE-µESI-MS. A comparison of signals indicated no detectable change in small-molecular composition in the extracts over the course of this study (<1 month), as evidenced in Figure 2 , in which all technical replicates of the same blastomere grouped together during HCA of the CE-MS data (see Fig. 2 ). In agreement, our earlier observation using a similar protocol (17) demonstrated similar success in preserving cell extracts for delayed analysis.
Custom-built CE-µESI-MS System. A single-cell CE-µESI platform was constructed and operated based on our earlier design (18, 19) . Briefly, the platform consisted of a stage that accommodated a sample-loading microvial and a background electrolyte (BGE)-containing vial with a capability to vertically translate up to 20 cm in <1 s. The same platform was used to inject the sample and also to separate small molecules. During injection, ~10 nL of the sample was hydrodynamically loaded for 90 s into a 90 cm long fused silica separation capillary with 40/105 µm internal/outer diameter (Polymicro Technologies, Phoenix, AZ) at 15 cm height difference between the capillary outlets.
During separation, the capillary inlet was positioned into the BGE (1% vol/vol formic acid) and electrophoretic separation was performed by applying 19-23 kV to the BGE-containing vial using a regulated high-voltage power supply (model 230-30R; Spellman, Valhalla, NY), which contained the inlet (anode) of the separation capillary. The separation voltage was adjusted to maintain ~7.0-8.5 µA current through the separation capillary. Compounds migrated into a custom-built CE-µESI interface that coaxially supplied 1 µL/min 50% methanol containing 0.1% (vol/vol) acetic acid through a metal emitter (130/260 µm inner/outer diameter) with ends lasercleaved at right angle. To generate stable electrospray in the cone-jet regime, the emitter was fine-positioned using a three-axis translation stage ~2 mm from the sample plate of the mass spectrometer that was held at -1,700 V using the instrument's control software. As a result, molecules of the blastomeres were separated and efficiently converted to gas-phase ions in situ.
Ionized molecules were mass-analyzed between m/z 50 and 500 by an orthogonal high resolution time-of-flight mass spectrometer (Impact HD Qq-TOF, Bruker Daltonics, Billerica, MA) operated at a resolving power of 40,000 full width at half maximum (FWHM). External calibration using sodium-formate clusters provided an accuracy of 0.3 mDa across the m/z 50-500 range (<0.6 ppm). Molecular identifications were enhanced by data-dependent tandem MS of mass (m/z)-selected ions with collision-induced dissociation at ~18 eV in nitrogen gas.
To ensure reproducible system operation without systematic biases in performance, a standard solution containing 50 nM acetylcholine (50% methanol containing 0.5% acetic acid) was measured at the beginning of a series of experiments each day. A reproducibility of <10 relative% error for migration time and <25 relative% error for electropherographic peak area was required before extracts of the blastomeres were measured. In the event that these performance metrics were not met, the system components were thoroughly cleaned and the separation capillary was conditioned using sodium hydroxide as described elsewhere (18) . Between consecutive separations, the separation capillary was flushed with BGE for 5 min followed by a 2-min blank run (BGE injected as the analyte) to test the stability of the CE-ESI-MS signal. All experiments reported here were obtained using the same fused silica separation capillary over 1 week of measurements.
Measurement of Blastomere Extracts. Extracts of different cell types were selected and measured in random order the same day according to the following procedure. Samples were allowed to thaw to 4°C in ~3 min, mixed using a vortex-mixer for 1 min, and centrifuged at 10,000×g for 1 min at 4°C (to precipitate cell debris) before measurement. A volume of 1 µL of each sample was deposited into a clean sample-loading stainless-steel vial, and 10 nL of the sample analyzed by CE-µESI-MS. For quality control, 4 of the n = 5 blastomeres (biological replicates) for each cell type had 2-4 technical replicates that were measured over multiple days. This careful strategy allowed us to test for and to eliminate a potential systematic bias in the measurement of different cell types, the order of their measurement, and the inter-day performance of the instrument. That all technical replicates clustered together during HCA despite their measurement across multiple days indicates that the experiments were devoid of systematic error (see Fig. 2 ).
Data Analysis. Primary (raw) mass spectrometric data files were processed in Compass Data Analysis version 4.0 (Bruker Daltonics) using scripts we have earlier developed (18) . Measurement files were externally mass-calibrated using sodium formate clusters that formed in the µESI source as sodium salts were separated from the samples. To find the molecular features in each experiment, selected-ion electropherograms were generated with 500 mDa window with 500 mDa incremental step across the acquisition mass window (m/z 50-500), and the resulting time-plots were surveyed for peaks. For each peak, the accurate mass (m/z value) was determined by integrating the mass spectrum across the peak. We defined molecular features as ion signals with different accurate masses and different migration times. To determine the abundance of each molecular feature, selected-ion electropherograms were generated for its accurate mass with a 5 mDa selection window, and the peaks were manually integrated. Thus, the resulting metadata was a list of molecular features and corresponding peak areas for 5 biological replicates with 2-4 analytical replicates for the 3 blastomere types for control (untreated) and UV-ventralized Xenopus embryos.
Analysis of Statistical and Biological Significance and Multivariate Data Analysis.
Statistical analyses were performed using two-tailed t-tests performed with P < 0.05 threshold indicating statistical significance with blastomeres of identical type irrespective of parental origin serving as one group. A fold change of at least 2.0 was considered biologically significant. The metadata were further evaluated in MetaboAnalyst 2.0 (20), a public web-based metabolomic pipeline. Euclidean method was selected to calculate the distance matrix and Ward method was used to generate data clusters. Statistical and biological significance thresholds were P < 0.05 (t-test) and fold change of higher than 2.0. Molecular feature selection was limited to the signals that had the highest statistical significance. The number of features selected is identified in the figure captions. Note: In addition to an agreement in accurate mass, asterisk (*) indicates identifications that are also based on migration time comparison to chemical standards, and two asterisks (**) mark identifications that were further supplemented by MS/MS using chemical standards and/or comparison of measured MS/MS data to those available at Metlin. †Compounds were detected as singly protonated quasimolecular ions unless specified. ‡Theoretical m/z values were calculated using IsotopePattern version 2.0 (Bruker Daltonics). Table S3 . Relative metabolite abundances between single blastomeres in the untreated (control) and ultraviolet (UV)-ventralized embryos.
Note: Statistical significance is marked at *P < 0.05 and **P < 0.005. Note: n/d, not detected. RSD indicates relative standard deviation.
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